The study of clostridium sporulation has lagged behind the study of aerobic sporeformer sporulation. Two important reasons for this are the technical difficulties of working with strict anaerobes and the complex nutritional requirements of most medically important clostridia. Although some saccharolytic clostridia grow in chemically defined minimal media, only one strain of Clostridium pasteurianum has been shown to sporulate well in a simple defined medium (12) .
Clostridium acetobutylicum P262 appears to be the only strain used recently for the largescale industrial production of acetone and butanol in the western world (17) . Studies by Jones et al. (9) on the morphological changes which occur in C. acetobutylicum P262 during production of acetone, butanol, and ethanol in an industrial fermentation medium indicate that the swollen, phase-bright, presporulation-stage cells (clostridial forms) are involved in the production of acetone and butanol. This has been supported by the isolation of sporulation mutants which either fail to form clostridial stages and produce solvents or form, reduced numbers of clostridial stages and produce intermediate levels of solvents (9) . A relationship between sporulation and solvent production has also been suggested by Gottschal and Morris (5) , who have shown that the loss of spore forming capability during continuous cultivation is associated with a loss of the ability to make solvents; however, solvent-producing cultures exhibit only a low frequency of sporulation. A previous study has reported that good solvent yields are associated with the ability to sporulate well (15) . Although sporulation seems to be associated with solvent production by C. acetobutylicum, no studies on sporulation in a defined medium have been reported. We developed a chemically defined minimal sporulation medium for C. acetobutylicum P262 which will facilitate future studies on the regulation of sporulation and solvent production.
C. acetobutylicum P262 has been described previously (1, 2, 9, 18) . ATCC 824 and 10132 and NRRL 527, 592, and 593 were used for comparative studies. All strains were maintained in the form of spore suspensions in sterile distilled water stored at 4°C. Spore suspensions were prepared from cultures grown anaerobically at 34°C on the buffered Clostridium basal medium (CBM) described by O'Brien and Morris (14) solidified with 1.5% agar (Bacto-Agar; Difco Laboratories, Detroit, Mich.). After 3 days of incubation, the spores were scraped into distilled water, incubated in 1 mg of lysozyme per ml at 37°C for 30 min, and then washed three times in sterile distilled water. We studied sporulation in buffered CBM, reinforced Clostridium medium (RCM; Biolab Chemicals, Pretoria, South Africa), a glucose-mineral salts-biotin minimal medium (GSMM) (8) , and the C. pasteurianum minimal medium (CPMM) of Mackey and Morris (12) . The minimal media were used both with and without the following ( (Table 1) . These low levels of asynchronous sporulation, coupled with the complex nature of the media, severely limited the usefulness of these media for sporulation studies. Of the minimal media, only GSMM and CPMM, which contained the additional salts and growth factors, supported growth of strain P262; however, little or no sporulation occurred. In attempts to obtain a defined minimal medium which would support sporulation, both nutritional and buffering components of the media were varied. These studies resulted in the development of CAMM (see above), which was used in subsequent studies on sporulation. This medium routinely gave good (70 to 80%) levels of sporulation. The most important factor involved in increasing the level of sporulation appeared to be the improvement in the buffering components of CAMM.
In sporulation studies involving another species of butyric acid bacteria, Bowen and Smith (3) found that C. pasteurianum sporulation does not take place in a complex medium if the pH of the medium is allowed to fall below 5. In a study on sporulation of the same species in a minimal medium, Mackey and Morris (12) also found that the final pH of the medium has to be controlled to obtain sporulation. During growth of C. acetobutylicum P262, the pH of CAMM did not normally fall below 5.2. However, if the pH was allowed to fall to below 5.0, no sporulation occurred. Potassium phosphate and calcium carbonate were found to be more successful buffering agents than sodium bicarbonate, sodium phosphate, calcium lactate, or potassium lactate (unpublished data).
Sporulation of C. acetobutylicum and the sequence of morphological changes that lead to the production of clostridial forms and the eventual release of spores were investigated in CAMM (see Fig. 1 through 7 ). Optical and electron microscopic studies revealed a clearly defined series of stages associated with septum formation, engulfment of the forespore, and maturation and release of the mature spore ( Fig. 1  through 7 ). These stages corresponded closely with the sporulation stages reported for other aerobic and anaerobic species of endosporeforming bacteria (4, 10, 12, 13, 19) . In general, the ultrastructural changes that occurred during C. acetobutylicum P262 sporulation also resem- (3) formation of spore septum; (4) completion of engulfment and spore coat deposition; (5) cortex formation and spore maturation; (6) mature spore within its triangular exosporium; (7) detail of spore structure showing inner and outer spore coats. Bars: Fig. 1 through 6, 0.5 ,um; Fig. 7, 0.1 i±m. bled those reported for other endospore-forming bacteria (12) , but several distinctive features were observed. Strain P262 accumulated large numbers of starch storage granules (granulose) associated with the formation of swollen cigarshaped phase-bright presporulation cells (Fig.  2) . Although accumulation of granulose made detection of axial filaments difficult, axial filament formation was never detected before septation. The major difference in the developmental sequence involved the initiation of spore coat formation before the onset of spore cortex formation (Fig. 4 and 5 ). This has also been shown to occur in C. pasteurianum (12) , and the sporulation processes of these two butyric acid Clostridium species appear to be similar. However, the structures of the spore coat and the exosporium surrounding the mature spore differ. In C. acetobutylicum, the spore coat consisted of clearly defined inner and outer coats (Fig. 7) , as opposed to the multilamellar coat structures reported for C. pasteurianum (12) . C. acetobutylicum had a characteristic triangular-shaped exosporium which was open at one end. No multilamellar structure was visible (Fig. 6) .
Phase-grey clostridial stages were first observed in CAMM after 25 h (Fig. 8) . The number of clostridial forms increased until, by 44 h, 70 to 80% of the cells were swollen phase-bright clostridial forms with dark tips (forespores). Granulose accumulation occurred between 25 and 44 h. The dark forespore converted to a phasebright forespore between 44 and 52 h. Spore release occurred after 52 h. CAMM is a defined medium which gave relatively high yields of spores in batch culture. The time sequence of the major structural changes is sufficiently distinct and constant to enable the system to be used for future correlative physiological and biochemical studies. In particular, it will be useful for studies on the regulation of solvent production and sporulation.
ATCC 824 and 10132 and NRRL 527, 592, and 593 were also tested for ability to grow and sporulate on the complex and minimal media. All strains grew well on the complex media, but the levels of sporulation were low (0 to 30%) ( Table 1) . ATCC 824 did not sporulate in any of the complex media. The abilities of the five strains to grow and sporulate on the minimal media varied. All five strains grew on GSMM, but sporulation was very low or absent. CPMM was only able to support the growth of one strain (NRRL 592), which did not sporulate in this medium. Two strains (ATCC 824 and NRRL 592) were able to grow in CAMM, and 10 to 30% sporulation was obtained.
Both the culture collection type strains and strain P262 were tested for ability to produce solvents in CFM, the molasses fermentation medium (2, 9) . Strain P262 produced 15 to 22 g of solvents per liter, whereas the five culture collection type strains produced low levels (<2 g/liter).
These results indicate that there are marked differences among C. acetobutylicum strains in ability to grow, sporulate, and produce solvents in various media. These variations emphasize the importance of strain differences and support the recent statement by Gottschalk et al. (6) that, in general, the taxonomy of the genus Clostridium is still in an unsatisfactory state. Our results suggest that it will probably be necessary to determine the optimum conditions for each strain in order to obtain high levels of sporulation and solvent production.
